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insulin; muscle metabolism; diet; exercise MOST OF THE BODY CREATINE pool is restricted to skeletal muscle, where it plays a pivotal role in maintaining energy homeostasis (for extensive reviews, see Refs. 28, 29) . The muscle total creatine store (phosphocreatine and free creatine) in healthy, nonvegetarian subjects is, on average, 124 mmol/kg dry mass (dm), but it can vary widely among individuals (100-150 mmol/kg dm; Refs. 10, 11) . Dietary creatine supplementation at a rate of 20 g/day for 5 days has been shown to increase muscle total creatine content by 20% on average (11) . A similar, but more gradual, increase can be obtained when creatine is ingested at a rate of 2 g/day for 28 days (13) . It has been widely reported that elevating the muscle total creatine store can enhance performance during high-intensity exercise (1, 2, 8, 21, 26, 27) . As a result of these publications, creatine supplementation has become popular among athletes wishing to improve athletic performance. It is also possible that creatine supplementation may be of therapeutic benefit for patients with muscular and neurological disorders (14, 20, 22, 25) .
It has become apparent that the metabolic and physiological effects of creatine supplementation are positively related to the extent of muscle creatine accumulation during supplementation. Specifically, we have suggested that, to exert an optimal effect on performance and metabolism, it would be desirable to increase the muscle total creatine content by at least 20 mmol/kg dm (2, 7). As already stated, creatine supplementation at a rate of 20 g/day for 5 days can increase the muscle total creatine content by 20% on average (20 mmol/kg dm). However, it is important to note that the variation among individuals is large (0-40 mmol/kg dm; Refs. 5, 8, 11) . This variation in creatine accumulation during supplementation can be partly accounted for by differences in presupplementation muscle creatine concentrations and possibly in muscle fiber-type distribution, but it remains unclear why muscle creatine accumulation can be different by up to sixfold among individuals with similar presupplementation creatine concentrations (2) .
Our laboratory has previously reported that creatine ingested in combination with simple carbohydrates (CHO) substantially increased muscle creatine accumulation compared with the ingestion of creatine alone (5) . Furthermore, ingestion of creatine in conjunction with CHO reduced the interindividual variability in the magnitude of muscle creatine accumulation, such that all subjects demonstrated an increase in muscle total creatine content Ն20 mmol/kg dm. In agreement with animal-based research, it was proposed that the stimulatory effect of CHO on muscle creatine accumulation was due to insulin-enhancing muscle creatine uptake, probably by stimulating sodium-potassium pump activity (12, 19) . Recently, our laboratory has confirmed that insulin can increase creatine accumulation in human skeletal muscle but only when present at a concentration close to, or in excess of, 100 mU/l (24) . On the basis of these findings, it is clear that creatine supplements would need to be ingested with very large quantities of simple CHO to achieve an insulin-mediated stimulation of muscle creatine transport. Indeed, in the study by Green et al. (5) , the ingestion of ϳ100 g of simple CHO with each 5-g dose of creatine proved to be close to the limit of palatability over the 5 days of supplementation.
Glucose is the principal regulator of pancreatic insulin release, but several proteins are also known to stimulate insulin secretion (23) . Moreover, it has been reported that the ingestion of proteins in combination with CHO can result in a greater increase in serum insulin concentrations than would be expected from the sum of their individual responses (31) . The aim of the present study, therefore, was to examine whether the ingestion of creatine in combination with a solution containing ϳ50 g of protein and ϳ50 g of simple CHO could increase serum insulin concentration to a level similar to that observed after the ingestion of ϳ100 g of simple CHO. Our second aim was to determine whether this would facilitate creatine retention toward that reported with larger quantities of simple CHO. In practical terms, this would make the insulin-mediated augmentation of muscle creatine accumulation a more feasible option than the present procedure of ingesting creatine with very large quantities of CHO.
METHODS

Subjects.
Twelve healthy, nonvegetarian men (age 26.9 Ϯ 2.2 yr, body mass 79.7 Ϯ 2.9 kg, height 1.80 Ϯ 0.02 m, and body mass index 24.7 Ϯ 0.8 kg/m 2 ) volunteered for the present study, which was approved by the University of Nottingham Medical School Ethics Committee. Before participation, subjects underwent routine medical screening, completed a general health questionnaire, and verified that they had not consumed creatine supplements in the past 3 mo. Each subject gave his informed consent to take part in the study and was aware that withdrawal from the study was possible at any time.
Study protocol. All volunteers visited the laboratory on an afternoon and on the following morning on four different occasions. Each occasion was separated by at least 2 wk to ensure similar basal plasma and muscle creatine concentrations among experimental treatments. For the first experimental visit, subjects arrived in the laboratory at noon, after having fasted for 4 h and having voided their bladder immediately before arrival. Subjects then rested on a bed in a supine position for ϳ4 h. During this time, one hand was placed in a hand-warming unit (ϳ55°C) to arterialize the venous drainage of the hand (4). After 15 min, a vein on the dorsal surface of the hand was cannulated to obtain arterialized venous blood samples. The cannula was kept patent throughout each visit by using an isotonic saline drip.
After the collection of a basal blood sample, subjects ingested 5 g of creatine monohydrate (Experimental and Applied Sciences, Golden, CO) dissolved in 200 ml of warm, sugar-free, diluted orange juice. Thirty minutes after consumption of the creatine solution, one of the following drinks was consumed over a 5-min period in a randomized order: 500 ml of low-calorie Lucozade (Smithkline Beecham, Coleford, UK) containing 5 g of simple CHO (placebo treatment); 500 ml of Protein Forte (Fresenius, Bad Homburg, Germany) containing 47 g of simple CHO and 50 g of ultrafiltrated milk protein (protein-CHO treatment); 250 ml of Lucozade and 250 ml of low-calorie Lucozade containing 50 g of simple CHO (low-CHO treatment); or 500 ml of Lucozade containing 94 g of simple CHO (high-CHO treatment).
The simple CHO in all formulations was almost exclusively in the form of glucose. Lucozade contains no nutrients other than CHO. The Protein Forte also contained small amounts of fat, electrolytes, and minerals (12.5 g fat, 450 mg sodium, 750 mg potassium, Ͻ675 mg chloride, 750 mg calcium, 300 mg magnesium, 500 mg phosphorous, and 15 mg iron).
The 30-min delay between the creatine and subsequent treatment-fluid ingestion enabled plasma creatine concentrations to rise above the K m for muscle creatine transport (15, 16) . Furthermore, we have previously shown that this procedure produces peak creatine and insulin concentrations at similar time points and stimulates muscle creatine accumulation in humans (5) .
Arterialized venous blood samples were obtained at regular intervals for 220 min after ingestion of the creatine-containing solution. After 225 min, subjects consumed a second creatine solution, and 30 min later they ingested a second treatment solution of the same composition as that previously ingested. Subjects then left the laboratory and were instructed to ingest their third creatine and treatment solutions, which were provided, at 9 and 9:30 PM, respectively. The next morning, subjects returned to the laboratory at 8 AM, after having fasted overnight, and they consumed their final creatine and treatment solutions as described above. As on the initial visit, arterialized venous blood samples were collected immediately before and for 220 min after the ingestion of the fourth creatine solution. The total dose of creatine ingested over the 24-h period of supplementation was 20 g (4 ϫ 5 g). Subjects collected their urine for a period beginning immediately after the ingestion of the first creatine solution to 24 h after the ingestion of the final creatine solution.
The volunteers refrained from strenuous exercise and had no alcohol and meat intake for the 24 h before and during the 40-h period of urine collection. Furthermore, dietary intake was controlled during supplementation to ensure consistent energy intake across treatments (inclusive of energy contained in treatment solutions). On the first day of each experimental treatment, subjects consumed a standardized breakfast at 8 AM and then remained fasted until their arrival in the laboratory at noon. Before leaving the laboratory, subjects were provided with a ready-to-make meal and several snacks, which they were instructed to consume between 6 and 8 PM that evening.
Blood sampling and analysis. Arterialized venous blood samples were obtained before and 15, 30, 45, 60, 75, 90, 120, 150, 180, 210, and 220 min after ingestion of the first and fourth creatine solutions during each 24-h period of supplementation. Whole blood glucose concentration was measured immediately by using a ␤-glucose photometer (Hemocue, Ä ngelholm, Sweden). Then, 5 ml of blood were placed into lithium heparin tubes, and, after centrifugation (3,000 rpm for 10 min), the plasma was removed and stored frozen at Ϫ20°C. Plasma creatine concentrations were determined at a later date by using HPLC (System Gold, Beckman Instruments, Bucks, UK) according to the method of Dunnett et al. (3) . A second 5-ml blood sample was allowed to clot for 20 min, and, after centrifugation (3,000 rpm for 10 min), the serum was stored frozen at Ϫ20°C. Serum insulin concentration was measured at a later date with a radioimmunoassay (Diagnostic Products, Los Angeles, CA).
Urine collection and analysis. All urine was collected in purpose-built bottles, after which the total mixed volume was recorded and a 5-ml aliquot was removed and stored frozen at Ϫ20°C. Urinary creatine and creatinine concentrations were measured at a later date by using HPLC (3). Total creatine excretion was calculated by summing creatine and creatinine excretion. Percent whole body creatine retention was calculated as creatine ingested (g)/urinary creatine excretion (g) * 100.
Statistical analysis. Differences in blood glucose, plasma creatine, and serum insulin concentrations within and between treatments and between the initial and the fourth oral challenges were calculated by using two-way ANOVA. Differences in the area under the plasma creatine-time curve and the serum insulin-time curve between treatments and between the first and the fourth oral challenges were also analyzed by using two-way ANOVA. One-way ANOVA was used to detect differences in urinary creatine output between treatments. When appropriate, Fisher's protected least significant difference post hoc test was performed to locate differences between treatments. The areas under the plasma creatine-and serum insulin-time curves were calculated by using the least squares method (accounting for baseline values), and the relationship between these variables was examined by computing the Pearson product-moment correlation coefficient (r). Statistical differences between variables were accepted at P Ͻ 0.05, and all values are presented as means Ϯ SE.
RESULTS
Plasma creatine. Figure 1 shows plasma creatine concentrations immediately before and 220 min after the ingestion of the first and fourth creatine solutions in combination with placebo, protein-CHO, high-CHO, and low-CHO solutions. For all treatments, the peak plasma creatine concentration was reached within 60 min of creatine ingestion. During the first oral challenge, there was a treatment effect such that the plasma creatine response was blunted after the ingestion of the high-CHO solution compared with the placebo (P Ͻ 0.01) and low-CHO solutions (P Ͻ 0.01). The response after the ingestion of the protein-CHO solution was not different from that after the high-CHO solution. In addition, the area under the plasma creatine-time curve tended to be lower after the ingestion of the protein-CHO and high-CHO solutions compared with the placebo and low-CHO solutions, but these differences were not statistically significant (100 Ϯ 5 and 101 Ϯ 6 vs. 111 Ϯ 7 and 109 Ϯ 4 mmol ⅐ l Ϫ1 ⅐ min Ϫ1 , respectively). For all treatments, the plasma creatine concentration was significantly higher before and for 220 min after the ingestion of the fourth oral challenge compared with the first oral challenge (P Ͻ 0.001, Fig.  1B ). However, these higher concentrations after the fourth oral challenge were at least partly attributable to an elevation in the basal plasma creatine concentration before the fourth oral challenge. For the fourth oral challenge, the plasma creatine response was blunted when creatine ingestion was followed by ingestion of the high-CHO solution compared with the placebo (P Ͻ 0.001) and also compared with the protein-CHO solution (P Ͻ 0.001).
Blood glucose. Figure 2 shows blood glucose concentrations for each experimental treatment after the first and fourth oral challenges. On both occasions, the blood glucose concentration peaked within 30 min of the ingestion of the protein-CHO, high-CHO, and low-CHO solutions. As expected, blood glucose did not increase significantly from the presupplementation concentration (4.5 Ϯ 0.1 mmol/l) for the placebo treatment. For the first and fourth oral challenges, the blood glucose response was significantly different among all treatments (high vs. low CHO, P Ͻ 0.001; low CHO vs. protein CHO, P Ͻ 0.001; protein CHO vs. placebo, P Ͻ 0.05; Fig. 2 ). When responses are compared between the first and fourth oral challenges within each treatment, blood glucose after the fourth oral challenge was no different from that observed after the first.
Serum insulin. Figure 3 shows serum insulin concentrations for each experimental treatment before and after the first and fourth oral challenges. On both occasions, the serum insulin concentration peaked within 30 min of consumption of the protein-CHO, high-CHO, and low-CHO solutions. During the placebo treatment, serum insulin did not rise significantly from the baseline concentration (11 mU/l). Insulin concentrations after ingestion of the protein-CHO and high-CHO solutions were higher compared with the low-CHO solution for both the first and fourth oral challenges (protein CHO vs. low CHO: first challenge P Ͻ 0.001, fourth challenge P Ͻ 0.001; high CHO vs. low CHO: first challenge P Ͻ 0.001, fourth challenge P Ͻ 0.001). As a result, the area under the insulintime curve was significantly greater for the protein-CHO and high-CHO treatments compared with the low-CHO and placebo treatments (Fig. 4) . However, the area under the insulin-time curve for the protein-CHO treatment was no different from that observed for the high-CHO treatment for both the first and fourth oral challenges (Fig. 4) . The serum insulin response and the area under the insulin-time curve were significantly greater after the fourth oral challenge compared with the first challenge for the protein-CHO (both P Ͻ 0.001), high-CHO (both P Ͻ 0.001), and low-CHO (P Ͻ 0.01 vs. P Ͻ 0.001) treatments (Figs. 3 and 4) . The relationship between the area under the serum insulin-time curve and the plasma creatine-time curve after the first and fourth oral challenges is presented in Fig. 5 . The two variables were negatively related after the first oral load (r ϭ Ϫ0.920, P Ͻ 0.05) but not after the fourth (r ϭ Ϫ0.342, P Ͼ 0.05).
Urinary creatine. Urinary creatine excretion was lower for the high-CHO (P Ͻ 0.05) and protein-CHO (P Ͻ 0.05) treatments compared with the placebo treatment ( Table 1) . As a consequence, whole body creatine retention was greater after the ingestion of creatine in combination with the protein-CHO and high-CHO solutions compared with the placebo solution (Fig. 6) . The urinary creatine output for the low-CHO treatment was not significantly different from that for placebo, protein-CHO, and high-CHO treatments. The volume of urine collected over the 40-h period did not differ among treatments (Table 1) . 
DISCUSSION
Our laboratory has previously reported that the ingestion of creatine in combination with 94 g of CHO on four occasions each day for 5 days resulted in a 60% greater increase in muscle creatine accumulation compared with the ingestion of creatine alone (5). It was suggested that the augmentation of muscle creatine accumulation occurred as a result of insulin-stimulating sodium-dependent muscle creatine transport (5). In vitro work has shown that insulin, insulin-like growth factor I, triiodothyronine, and amylin, all of which are known to stimulate sodium-potassium ATPase pump activity, enhances creatine transport in a muscle cell line (19) . Recently, our laboratory demonstrated that insulin augments muscle creatine accumulation in vivo in humans when present at a concentration Ն100 mU/l (5, 24). In the study by Green et al. (5), subjects consumed 370 g of simple CHO per day for 5 days to achieve physiologically high serum insulin concentrations during the first hour after creatine administration. However, this quantity of CHO proved to be close to the limit of palatability. The important finding of the present study was that the ingestion of creatine, in conjunction with 47 g of simple CHO and 50 g of protein, resulted in a similar increase in serum insulin concentration to that achieved after the ingestion of 94 g of CHO. Furthermore, the insulin response was significantly greater than that observed after the ingestion of 50 g of CHO alone. The net effect of this was an increase in whole body creatine retention to the same extent as that seen after the high-CHO load. We would propose, therefore, that ingestion of creatine, in conjunction with a more moderate amount of CHO but in combination with protein, could be used as an alternative and as a more manageable method to maximize muscle creatine accumulation. This is important because, as already stated, the magnitude of the metabolic and physiological effects of creatine during exercise and recovery has been shown to be positively associated with the extent of muscle creatine accumulation during supplementation (2) .
With the use of the urinary creatine excretion measurements and the assumption of a muscle mass equivalent to 40% of body mass, it was calculated that muscle total creatine concentration increased by ϳ7 mmol/kg dm during the 24 h of creatine supplementation combined with the placebo solution. This is in good agreement with the data of Harris et al. (11) , who estimated an increase in muscle total creatine concentration of ϳ18 mmol/kg dm after the ingestion of 20-30 g creatine per day for 2 days. On the occasions in which creatine was consumed in combination with the protein-CHO and high-CHO solutions, the estimated muscle total creatine concentration increased by ϳ9 mmol/kg dm for both treatments. This finding confirms previous work (24) that insulin augments muscle creatine accumulation. However, the magnitude of the increase (ϳ25%) was less than that previously observed by Green et al. (60%; Refs. 5, 6 ) and can perhaps be partly accounted for by differences in the duration of creatine ingestion and periods of urine collection (40 vs. 24 h between studies). Based on the peak plasma creatine concentration, however, it appears more likely that, for reasons unknown, muscle total creatine accumulation was greater during the placebo treatment in the present study compared with the study by Green et al. (6) (1,091 Ϯ 54 vs. 1,290 Ϯ 98 mol/l).
As previously reported (6, 11) , the plasma creatine response after the ingestion of 5 g creatine varies markedly among individuals, and this is likely to be the reason why the areas under the plasma creatinetime curves were not statistically different across treatments in the present study. For all treatments, the plasma creatine concentrations were higher after the fourth oral challenge compared with the first. During the placebo treatment, this was almost entirely due to the elevation in the basal plasma creatine concentration before the fourth oral challenge (67 Ϯ 7 vs. 190 Ϯ 18 mol/l). However, it can be clearly seen from Fig. 5 that the stimulatory effect of insulin on muscle creatine transport was markedly diminished after the fourth oral challenge for the high-CHO and protein-CHO treatments. This response, together with the elevation in basal plasma creatine concentrations, would account for the higher plasma creatine concentrations during the fourth oral challenge for the high-CHO and protein-CHO treatments. This aside, it is important to note from Fig. 5 that the augmentation of muscle creatine stores as a result of CHO and protein ingestion may have only occurred on the first day of supplementation.
At present, the mechanism by which skeletal muscle total creatine content is regulated is poorly understood. Creatine principally enters the muscle via binding to a specific transporter protein. This process is saturable and sodium dependent and moves creatine into the muscle against a high-concentration gradient (9, 17) . Recently, it has been suggested that long-term exposure to high-plasma creatine concentrations may reduce the amount of the creatine transporter protein, thereby regulating muscle creatine content (9) . Whereas this might be the case in the long term, it seems, from the present study, that acute regulation of flux through the creatine transporter would be more important in the control of muscle creatine homeostasis. Exactly what regulates flux via the creatine transporter is unresolved, but clearly the intracellular accumulation of creatine will be important, as will sodiumpotassium pump activity. By way of example, it has been shown that a slowing of muscle creatine accumulation and/or transport occurs in parallel with an increase in muscle creatine stores (11, 15) . Similarly, pharmacological inhibition of muscle sodium-potassium pump activity has been shown to inhibit cellular creatine transport (19) , which would be expected given that creatine transport is sodium dependent.
There appears to be discrepancy in the literature concerning the effect of protein ingestion on insulin release. Some have found no effect of protein ingestion on insulin release (30) , whereas others have found a marked increase in the insulin response after protein ingestion (18, 23, 31) . The results of the present study confirm that ingestion of CHO, together with protein, has an insulin-potentiating and a blood glucose-moderating effect. Interestingly, the serum insulin concentrations were higher for the fourth oral challenge, compared with the initial oral challenge, for the protein-CHO, high-CHO, and low-CHO treatments. This may have been related to the subjects having fasted for only 4 h before the first oral load and for 12 h before the fourth.
In conclusion, the results of the present study indicate that the ingestion of creatine, in conjunction with ϳ50 g of protein and ϳ50 g of CHO, is as effective in stimulating pancreatic insulin release and whole body creatine retention as ingesting creatine in combination with almost 100 g of CHO. This information will be useful to individuals aiming to elevate their muscle total creatine store by supplementing with creatine, particularly those that regularly ingest CHO-protein supplements after exercise or several meal-replacementtype supplements per day (e.g., resistance-trained athletes). Finally, the potentiating effect of insulin on creatine disposal was less marked after the fourth oral challenge compared with the first. We would, therefore, propose that ingestion of CHO alone, or in combination with protein, in an effort to augment muscle creatine accumulation will probably only be highly effective on the first day of supplementation.
